SUPPLEMENTARY INFORMATION SUPPLEMENTARY TABLES
suggests a spatial difference between resting (non-walking) and wandering bees, we prepared an area for wandering bees near the dance floor.
However, wandering bees were often found to walk along the edge of the comb, unlike dancers.
Hence, the wandering bee space was relatively close to the edge of the comb instead of being closer to the dance floor.
b This value includes the radius of a food patch and the distance in which a flying bee can find a food source.
c Figure 1 in that paper suggests that flight duration per one trip for scouting is shorter than that for foraging. Hence, we assigned a time of 15 min.
d The dance-guided unsuccessful search was reported to last about 16 min (2-37 min).
Considering successful searches, we assigned 20 min for foraging.
e Calculated from the description in that paper.
f Energy consumption for dancing has not been reported to date; dancing is marked by vigorous wing beating, but no flying, and therefore we assumed that dancing required more energy than walking, but less than rapid flying. The value used here was previously reported in that paper for a bee exhibiting "tethered flight," i.e., wing-beating without lifting power. Supplementary Fig. S1 : Behavioral analysis of real bees. a, Sites where waggle runs by dancing bees were observed on the comb. The square represents the outline of the comb. E at the bottom-left corner indicates the point of entry. Clearly dancing sites are concentrated near the entrance, i.e., the dance floor. Red: dancing sites in the morning (10:36 -12:11); blue: dancing sites in the afternoon (12:42-14:42) . b: The number of waggle runs a follower followed before turning away from a dancer. More than 80% of followers followed only one or two runs. increased at a faster rate than observed with F1 during the first 4 hours. The number of bees visiting F1 appeared to stop decreasing at 6.5 hours after the onset of the simulation. Finally, at 8 hours, the maximum number of bees visiting F2 exceeded the maximum number visiting F1.
Supplementary
These characteristic dynamics suggest that iMoAD-f yielded results similar to the experiment involving real bees. We therefore concluded that iMoAD-f reliably represented the behavior of an actual bee colony.
Supplementary Fig. S3
Supplementary Fig histograms for the SIs of the corresponding row. In the energy balance analysis, there was a maximum energy loss (SI = ca -40.9) in cases of no successful flight, i.e., the colony lost energy depending on the activity level. On the other hand, if the bees successfully found a feeder, the energy income could be substantial. There were no cases of an index value of -100 because the index was normalized for the maximum energy balance. As with the switching of feeder visits, the error range of 10-15° reflected a small, but positive SI. In contrast, under the error range of 0°, there were large SIs but also many cases of negative SIs. In the case of an error range of 5°, some negative cases were obtained. In the error range of 0-5°, it was possible that a colony could lose energy. Note that the WD colony had no advantage when the variation was 30° or 60°. b,
The occurrence histograms of SIs for each variation-distance combination. The position of each histogram corresponds to the position in the color-coded panels shown in a. Because 4 different numbers of feeders were used, i.e., 2, 5, 7, or 10 feeders, each combination has 4 sub-conditions.
The degree of the dance advantage was determined by the number of sub-conditions for a particular combination under which the WD colony was the best colony. Thus the degree of advantage was 4 when the WD colony was the best colony for all 4 sub-conditions (red histograms). The degree was between 1 and 3 when the WD colony was the best for 1, 2, or 3 sub-conditions, respectively (magenta histograms). The degree was 0 when the WD colony was not the best for any of the 4 sub-conditions (blue histograms).
Supplementary Fig. S5
Supplementary Simulation conditions and analyses were identical to those shown in Supplementary Fig. S2 , but the transition probabilities for dance-related states, i.e., dancing and following, were not reward-dependent. The reward-dependent probability of dancing was essential for switching. a, Time courses when the dance probability after successful foraging were as follows: 0.15 (left panel), which corresponded to the probability for visits to the feeder with the 0.75 M reward; 
SUPPLEMENTARY DISCUSSION
The iMoAD-f could be improved if we could learn more about the followers. iMoAD-f automatically transitioned the behavioral states from that of a wandering bee to that of a following bee based on the distance between the wandering bee and a dancing bee (Par-38 in Supplementary Table S1 ). It may be possible that the probability of following a dancer depends on both internal and external environmental factors. This, however, remains unknown. Further experiments on followers will be needed to improve iMoAD-f.
The diurnal variance of dance direction changes through a day 15 . iMoAD-f assumes that such circadian changes in variation of information are constant throughout a day. However, we
consider that including such daily changes would not have led to any major difference in the results. Only in a single case-i.e., when the most profitable feeder is available for a very short time and the daily variation is large within that specific time window-would the efficiency of the waggle dances be decreased.
Bees are known to use both information transferred from the waggle dance (social information) and information stored in their own memory of previous foraging exploits (private information) when conducting a foraging trip 16 . However, it remains unclear how either of these two kinds of information is selected for foraging. Hence, iMoAD-f assumes that a dance-induced forager bee will automatically use social information and that other forager bees, e.g., bees
transitioned from wandering bees, will automatically use private information. Menzel et al. 17 found the "cross visit" that a foraging bees visited one feeder by using waggle dance information and then visited another feeder by using private information, or vice versa, before returning to the hive. Thus, iMoAD-f might underestimate the number of visits to feeders and the energy gain of the WD colony. If so, the number of conditions under which waggle dancing would be beneficial should increase. On the other hand, honeybees are known to continue visiting a feeder that they had previously visited even after the profitability (the concentration of sugar water of the feeder) has decreased (flower constancy) 18 . If a strong flower constancy remains, the efficiency of the waggle dance might not be as high as suggested by our result, and the case for a high-risk high-return scenario would be made stronger.
SUPPLEMENTARY METHODS

Modeling and simulation
We constructed an individual-based Markov model of Apis dance-guided foraging (iMoAD-f).
Transitions between eight behavioral states were determined by probabilities and state-specific rules. The details of the model are described below. For ease of reading, we give only the values used for each parameter; see Supplementary Table S1 for citations.
Resting: Resting bees did nothing but maintain position. The transition probabilities when resting bees transitioned into wandering bees or kept resting were 0.21 and 0.79, respectively. When resting, this type of bee was assumed to expend 19.71 mJ/sec/g of energy (this parameter is given in Supplementary Table S1 as parameter number Par-25).
Wandering: Wandering bees walked inside the hive after changing the direction of their body axis. Walking distance (Supplementary Table S2 , Par-10), locomotion direction, and body axis were all determined by probability, based on our observations of real bees (Supplementary Fig.   S1 e,f,g and Supplementary Table S1 ). A wandering bee could become a follower after encountering a dancing bee. A wandering bee was considered to have encountered a dancing bee if both of the following requirements were met: (1) the wandering bee was closer to a dancer than 15 mm (one body length; Par-38), and (2) the angle of the body axes of a wandering bee and a dancing bee did not exceed 60° (Par-39). The latter requirement guaranteed that the wandering bee was orienting the dancing bee. If a wandering bee failed to find a dancing bee, the wandering bee transitioned to a scouting, foraging, wandering, or resting bee with a certain probability successful bee danced with a reward-dependent probability ( Table 2 ). The state of the bee could change to one of foraging or wandering if the bee did not dance. All transition probabilities were reward-dependent. After arriving at the hive, a bee that had returned from a feeder had to walk to a final position in the hive that was randomly determined within a state-specific area designated for final positioning 7, 8) . When dancing or wandering, the bee would begin dancing or wandering at this final position. When foraging, the bee would walk to the final position and then wander for a total of 120 sec (Par-17) prior to again walking toward the entrance to fly out of the hive. In cases of success, a bee was assumed to expend 400.0 mJ/sec/g (Par-29).
Failure: Failed bees remained in their return flight with constant flight speed of 25000 m/h (Par-12) until arriving at the hive, after which the state of the bee could change into one that involved flying out of the hive with a probability of 0.1 (scouting or foraging depending on the situation) or, alternatively, into a state of wandering with a probability of 0.9. In any case, after arrival at the hive, each returned bee had to walk to a final position in the hive 7, 8) . In the case of bees that adopted a wandering state after returning back to the hive, the wandering began at this final position. In the case of bees that flew out of the hive, they first began wandering at a final position, and then, 120 sec after the returning to the hive, began to walk toward the entrance in order to fly from the hive. If failed bees had been in a state of foraging when they failed, i.e., if they had attempted but failed to find a known or advertised feeder, they could choose probabilistically to try again or give up on finding that feeder The mean number of failures before giving up re-trying was 1.0 (Par-20); thus, while many bees gave up, some tried again. When a bee gave up, it discarded positional information about the feeder. In cases of failure, a bee was assumed to expend 400.0 mJ/sec/g (Par-29).
Foraging: Foraging bees were in the process of flying to a feeder with directional information.
Flight speed was kept constant at 25000 m/h (Par-12). This state was similar to that of scouting, but in the case of foraging bees, locational information about a feeder was included, whether it was dance-guided information or information from memory, i.e., from the bee's own experience.
Thus, flight direction was not random, but relatively straight (Par-14). The manner of arrival at a feeder was the same as that for scouting. Foraging continued for 20 min (Par-19) after the bee left the hive until the bee found a feeder. As the flight to the feeder was not completely straight and the dance information included error, there was a possibility that the bee would fail to find a feeder or would reach another feeder. When the current flight distance of the flying bee was equal to or greater than 1.3 times the informed distance, the bee gave up on visiting the feeder Following: Follower bees followed dancing bees and received information from the dancers.
While following, a following bee could miss a dance, because this type of bee also walked independently of the dancer, although the walking range of this type of bee was restricted to maintain proximity of the bee to the dance. If the follower bee missed a dancer, the state of following switched automatically to wandering. Otherwise, after attending to a dance, the status changed to one of following, wandering, or foraging, according to a given probability. The probabilities of foraging and wandering depended on the reward indicated by the dancing bee.
While following, the follower bee continued to decode directional information, and any directional information received was averaged at the moment when this type of bee ceased to follow (as suggested by Tanner and Visscher 19 ). Follower bees were assumed to expend 170.0 mJ/sec/g (Par-27), which corresponded to a fast walk. At the earliest, the first flight after following occurred 1 hour (Par-35) after the transition from a state of following to one of foraging.
Transferred information: Dancing bees transferred locational information (correct direction and distance at which the dancing bee stopped flying, not the actual feeder location), adding some degree of variation. Because bees can find a feeder and stop flying upon having entered the finding area (Par-15), each bee has different locational information even about same feeder. Each direction of every waggle run (indicating the direction to the feeder) was determined run-to-run by adding the positional information that the bee had obtained from its trip to a given variation generated by random Gaussian distribution with the corresponding error range. As regards the distance to the advertised feeder, the variation was always set at ±15% (Par-37) of the distance calculated from the positional information. Added variation was calculated by Gaussian distribution for every waggle run.
Abandoning a feeder: Bees of the NC, RD, and WD colonies make a decision as to whether a particular feeder is profitable enough to revisit. When a bee found a feeder and that bee already possessed information about the concentration of the solution via a successful flight, the bee compared the solution concentration at the current feeder to that at the previous feeder. If the current feeder had a higher-concentration solution than the previous feeder, the bee memorized the location of the present feeder. If the solution concentration at this feeder was not higher than that at the previous feeder, and if the concentration at this feeder was less than 2.0 M (in our simulations, the solution concentration at the most profitable feeder was always 2.5 M), the bee could reject the feeder with a probability of 0.04 (Par-40), i.e., the abandonment rate, and the bee would then discard the memory of any positional information. However, the bee remembered the visiting experience, and thus this type of bee memorized the concentration (taste) of the solution at this feeder. In cases when a bee did not reject a feeder, positional and reward information were renewed for the new, but less profitable feeder.
Body mass: Energy consumption for all behaviors depended on body mass. The body mass of all bees in the hive was 0.075 g (Par-22). Body mass was gained only when a bee had found nectar and that bee arrived back at the hive. Therefore, only successful bees had a mass of 0.1 g (Par-23).
Colony characteristics
Random search (RS) colony: Bees in this colony searched randomly for feeders. Bees did not memorize the location of feeders. There was no interaction with other bees, and no information exchange. Even after a successful flight, bees will start flying in a direction which was given at random. The probability of dancing after flight was 0. Foraging and wandering probabilities were calculated by adding a half of the dancing probability to the following and wandering probabilities for each solution concentration. Thus, the foraging and wandering probabilities were 0.5 and 0.5 for the 2.5 M feeder, 0.27 and 0.73 for the 1.0 M feeder, and 0.205 and 0.795 for the 0.75 M feeder, respectively.
No-communication (NC) colony: Bees in this colony could memorize the location of feeders.
However, the bees never interacted with other bees, and there was no information exchange.
After a successful flight, these bees will fly in the direction of their most recently visited feeder.
The probability of dancing after flight was 0. Foraging and wandering probabilities were calculated by adding a half of the dancing probability to the following and wandering probabilities for each solution concentration. Thus, the foraging and wandering probabilities Random-information dance (RD) colony: Bees in this colony were essentially the same as those in an actual bee colony; however, transferred information was produced in a random manner. If a foraging bee followed more than one waggle run, the bee did not average all directional information provided, but used only the latest information given. However, only a foraging, experienced bee that already knew of a feeder would fly to the known feeder by memory, independent of the information given 20 . This situation imitated that of scent-triggered foraging 3 .
Waggle dance (WD) colony: Bees in this colony represented those of an actual, normal bee colony. Bees memorized the location of the feeder, danced, and transferred locational information with a certain degree of variation.
